A recent measurement by the D0 collaboration finds a like-sign di-muon charge asymmetry in the B system that is roughly 3σ larger than the value predicated by the Standard Model. This suggests new physics contributing to B − B mixing. For the current central value of the CP asymmetry, the required size of Γ s 12 is larger than Standard Model estimates of this quantity. In this paper, we will explore the constraints on new physics contributions to Γ s 12 . We show that there are two dimension six operators of Standard Model fields in the electroweak Hamiltonian whose coefficients are not constrained enough to rule out possible contributions from new physics. We argue that a more precise measurement of τ (Bs)/τ (B d ), which is possible with currently available data, could either support or strongly constrain the existence of new physics in Γ Both the D0 and the CDF collaborations have measured the like-sign di-muon charge asymmetry in the B system with 6.1 fb − 1 of data. Combining these results, one finds
Both the D0 and the CDF collaborations have measured the like-sign di-muon charge asymmetry in the B system 
D0 [3] has also measured the semileptonic CP asymmetry a s sl directly, albeit with large uncertainties a s sl = (−1.7 ± 9.1) × 10 −3 .
One can convert the di-muon charge asymmetry into a measurement of the semileptonic asymmetry of the B s system using input from the B d system. If one assumes no new physics contribution to B d mixing, one finds (combining with the explicit measurements) 
while using the measurement [4] 
While it is probably too early to tell if this discrepancy is due to physics beyond the Standard Model or fluctuations in the data, it is certainly interesting to understand what the implications of this measurement are for new physics (NP).
There are two amplitudes each that characterize mixing in the B q systems (q = s, d): the off-diagonal element of the mass matrix M q 12 and the off-diagonal element of the decay matrix Γ q 12 . Only the relative phase φ q between these two amplitudes is observable, such that one can choose the three real parameters |M to describe the physics. In terms of these parameters, the semileptonic asymmetry is given by
What are the values of the three parameters |M | depend on non-perturbative physics, which is notoriously difficult to determine. However, much effort has been devoted to this problem, including lattice calculations to determine required bag parameters. We use the calculations from [5] , supplemented with updated values for the decay constants and the bag parameters, obtained from [6] . Adding the uncertainties quoted in these to references in quadrature, we find
It should be noted that the calculation of Γ q 12 relies on an operator product expansion, even though the energy released is only m b −2m c ∼ 2 GeV. Thus one might be worried of the convergence of the expansion performed [7] .
These parameters can also be related to other physical observables. In particular, they determine the mass and width difference between B s and B s mesons, as well as the time-dependent CP asymmetry S ψφ . 
where we have assumed |Γ 
The measured values for these three observables are [9, 10] 
Using these inputs, together with the measured value of a s sl given in Eq. (6), we can extract the three theoretical parameters. We find a good fit, indicating that the measurements are compatible with one another, with result 
From this one can see that the data prefers |M s 12 | to be close to the SM value, while both |Γ s 12 | and φ s differ from the values given in Eq. (8) , by about 1.5σ and 3σ respectively. This is in agreement with the result of [11] , which also found that a good fit to the data requires a non-zero phase as well as a value of |Γ s 12 | higher than what is predicted in [5] . This is also compatible with the observation made in [12] , which found that new physics that only adds a relative phase φ s is unable to explain the central value of the semileptonic CP asymmetry. If we were to assume no new physics in the B d system, we would find the same value for |M [14] . 3 In the remainder of this paper we will study the constraints on NP contributions to Γ s 12 from data on the decays of B mesons. The constraints we derive are in general not sensitive to O(1) [12, [15] [16] [17] .
factors neglected in our calculations. However, it is possible that large numeric factors could relax or avoid some constraints. Any operator of the formbsR, with R being any flavor neutral set of fields with total mass below m Bs can contribute to Γ s 12 . In order to conserve energy and momentum, R needs to contain at least two fields. We first consider operators which only contain light fields present in the Standard Model, but comment on the possibility of introducing new light fields towards the end of the paper. The lowest dimensional operators possible have dimension six
where ψ denotes any light Standard Model fermion. It is also possible to add a pair of operators,bsψ i ψ j and bsψ j ψ i , such that the combination is flavor neutral. A list of the possible operators is shown in Table I . The physics of B decays is described by the electroweak Hamiltonian, which is conventionally written in the form
Characterizing the scale of new physics by Λ NP , we write the coefficients of the new operators as
Allowed operators 
where we have neglected phase space factors. A newbscc operator that can interfere with the SM operator is an exception, which we discuss in more detail below. In order for the contribution of new physics Γ NP 12 to compete with the Standard Model contributions, the Wilson coefficient of this new operator needs to satisfy
where λ is the Cabibbo angle λ ∼ 0.2. This is satisfied if Λ NP < ∼ g NP m W /λ. Note that we have neglected numerical factors that arise from the contractions over Dirac and color indices. While these can be substantial for certain operators, our conclusions are in general not affected by these factors.
It is important to note that the operator O s NP will contribute to B d decays in addition to B s decays through the parton-level process b → sψψ. While this decay is phase space suppressed, it is enhanced by two powers of m Bs /f Bs and is in general the dominant contribution to the B s width from this new operator. We can estimate its effect on the B d and B s widths, including phase space factors, by writing
Using the phase space factors given in [18] , an estimate of the function f (m ψ /m b ) is shown in Fig. 1 . The difference between the two functions is dominated by the annihilation contribution of O s NP , which only affects the B s system. The exception is a newbsdd operator, which contributes roughly equally to both B d and B s decay. One can easily see that for light fields ψ the contribution to the total lifetime of the B d and B s mesons can be as large as 50% or more. Given that these lifetimes have been measured to 1% and 2% accuracy, respectively, one might conclude that NP contributions to Γ s 12 are completely ruled out. However, our ability to predict these lifetimes accurately is plagued by large non-perturbative effects, and the resulting theoretical uncertainties could be as large as 10-20%. Therefore, we will attempt to find alternate bounds on NP contributions to these operators, especially in the cases where ψ = c or τ , for which the contributions are suppressed by phase space factors.
To constrain these operators, we need to consider how they contribute to observable decays of the B mesons. Any non-leptonic operator of the formbq 1q2 q 3 will contribute to non-leptonic B decay B → M 1 M 2 , where the flavors of M 1 and M 2 depend on the flavors of the quarks q i . While non-perturbative effects make it difficult to predict the precise rate for non-leptonic decays, factorization theorems exist at leading order in 1/m b [19, 20] . This allows us to estimate the decay rates as
where C denotes the Wilson coefficient of the given operator. Here we have used the scaling C ∼ λ 2 and the rough estimates f M ∼ 0.15 GeV and F B→M ∼ 0.3 to obtain a numerical value for the decay rate. Leptonic operators will contribute to decays of the form B → M + − , with a branching ratio estimated to be [21] Br
One finds for the phase space factor PS(0) = 1 and PS(m τ /m b ) = 0.05. They also contribute to the annihilation decay [21] Br
where H(m /m b ) is a helicity suppression factor that is m 2 /m 2 b if the the decay is helicity suppressed and unity otherwise, and we have used f B ∼ 0.24 GeV for the numerical estimate.
Finally, operators of the formbsψψ can also contribute to the decay B → X s γ by mixing into the operator O 7 , which mediates this decay. If the NP operator is an (axial)-vector current, this mixing occurs at O(α s ) (O(α)), but is enhanced by large logarithms of m b /m t,W . Numerically, a non-leptonic (axial)-vector operator with a coefficient of order G F V cb gives a contribution to B → X s γ of the same order as the SM contribution, while a leptonic operator would be suppressed by a factor of α/α s . If there is a (pseudo)scalar or tensor contribution, the mixing can occur at leading order and is still enhanced by large logarithms [22] . This gives a contribution which is enhanced by 4π/α s compared to the SM contribution 4 . Of course, one can make the helicity structure of the NP operator such that mixing into O 7 is forbidden, but such operators will mix instead into an O 7 , which still contributes to B → X s γ. The resulting contribution to the branching ratio can be estimated as
where C s NP is the Wilson coefficient of the operator that mixes with the SM O 7 and C s NP corresponds to the operator that mixes with O 7 . The variable r is 1 for non-leptonic (axial)-vector operators, α/α s for leptonic (axial)-vector operators, and 4π/α s for (pseudo)scalar and tensor operators.
Given these results, one can immediately rule out the operators with ψ = e, µ, since the observed branching ratios of B → K ( * ) l + l − are measured to be O(10 −7 ), not O(10 −2 ) as the presence of new operators would predict. The same is true for ψ = ν, due to the limit on the branching ratio B → K ( * )ν ν. Thus, of the leptonic operators, only ψ = τ is allowed. The non-leptonic operators with light quarks are all ruled out by the absence of any 2-body non-leptonic B decays to light mesons (such as K and π) at the 10 −3 level. This also rules out the combination ofbscd andbsdc. The operatorbscc [23] , however, cannot be excluded by this argument, since there is an SM contribution to this operator at the same level and the presence of non-perturbative effects makes a detailed comparison difficult.
Both the remaining cases (ψ = τ, c) can be constrained by considering their contributions to the decay B → X s γ. Given that the measured value [4] of Br ex (B → X s γ) = 3.52 ± 0.25 × 10 −4 is consistent with the theoretical prediction [24] of Br th (B → X s γ) = 3.15 ± 0.23 × 10 −4 , only an O(10%) correction can be accommodated. This eliminates any operator of the form (bs)(ψψ) S,P,T , due to the factor 4π/α s in Eq. (22) . Note that this includes the operator discussed in [14] .
The operators (bs)(τ τ ) V,A can not be constrained because, as discussed, the mixing only occurs at one loop and is suppressed by α/α s . The operator (bs) V −A (cc) V ±A , which mixes with the operator O 7 , can be eliminated, since its contribution to the decay B → X s γ is of order Γ 4 We thank Uli Haisch for discussions on this point.
with helicity structure (bs) V +A (cc) V −A has this property and can therefore contribute significantly to the lifetime difference in the B s system.
We have shown that there are only two possible SM operators that can give rise to an O(1) change in Γ s 12 . The first is (bs)(τ τ ) V,A . This operator can be constrained by both B → K ( * ) τ + τ − and B s → τ + τ − ; however, due to the difficulty in detecting τ 's, there is currently no bound on either decay. We therefore find thatbsτ τ can contribute significantly to to Γ s 12 . The second possible operator is of the form (bs) V +A (cc) V −A .
Note that both of these operators would give rise to an order 10% contribution to the total lifetime of the B s meson, if we require that they contribute an O(1) amount to Γ s 12 . As discussed above, however, this does not contradict the precise measurement of the B s lifetime, due to the large theoretical uncertainties when trying to predict this quantity. On the other hand, the ratio τ Bs /τ B d is under much better theoretical control. This is because the unknown nonperturbative effects largely cancel in the ratio, such that it can be predicted with high accuracy [25] 
An operator that gives an O(1) contribution to Γ 
are somewhat larger than our theoretical knowledge. While one can rule out a 10% effect, a 5% contribution is still allowed. In fact, the current measurement seems to indicate a 2σ deviation in the lifetime ratio. If a significant difference from unity of this lifetime ratio could be established, it would be another hint at new physics contributing to Γ s 12 . A more precise measurement of this quantity is therefore of great importance.
What would one conclude if a new measurement of this lifetime ratio does not allow for a large deviation from unity? Since the operators discussed above reduce the ratio B s lifetime relative to the B d lifetime, one would be forced to add new operators of the form
with Wilson coefficient
to make up for this difference. In general, we do not need the fields in O NP , we will assume that only one new operator is added. Our arguments can be easily generalized to the case of multiple operators. Adding operators to the B d system would also change the ratio τ (B u ) /τ (B d ), which is also well understood theoretically [27] , [28] . However, we will not explore new operators in the B u system here.
The possible operators are shown on the right hand side of Table I . As before, the operatorsbdll for l = e, µ are ruled out by limits on the decay B → πl + l − , and the operator with ψ = ν by the limit on B → πνν. The operatorbdτ τ is in this case excluded by the experimental limit on the decay B → τ + τ − . Operators involving only light quarks are also ruled out, again due to the absence of 2-body non-leptonic B decays to light mesons at the 10 −3 level. The operatorbdcu (which has the wrong sign charm) is also excluded by this argument, while the operatorbdcc is ruled out by its large contribution to B → (ρ, ω 0 )γ. This leaves only one operator one could add to the B d system, namelybdūc. A new physics operator with C d NP ∼ λ 2 would contribute at the same order as the SM operator. While this would increase the rate of nonleptonic B decays of the form B → Dπ, the presence of non-perturbative effects makes it difficult to rule out this operator conclusively. Note that this operator makes it possible to keep the lifetime ratio between B s and B d mesons the same, as long as its coefficient is tuned sufficiently. Given that the operatorbdūc appears to be completely unrelated to either thebsτ τ or (bs) V +A (cc) V −A operators allowed in the B s system, such a NP scenario seems very contrived.
Having discussed in detail the effect of dimension six operators containing SM fields, we want to briefly comment on other possibilities for NP, while stressing that we can not rigorously discuss all possible extensions. The simplest extension would be to allow for new light degrees of freedom (denoted by φ and ψ for spin 0 and spin 1/2), that are SM singlets (or electrically neutral, but charged under SU(2) L ). Operators of this form includeb(s, d)φφ andb(s, d)ψψ,b(s, d)φF andb(s, d)φG where F and G denote the photon and gluon field strength, respectively. The first two operators are ruled out by the experimental bounds on B → (K ( * ) , ω, ρ)νν. The operatorbdφF is ruled out by the absence of the decay B →ννγ, but the other operators are not ruled out, at least not without a more careful analysis.
As another possibility, one might consider higher dimensional operators containing SM fields. At dimension seven, a derivative could be added to any of the operators we have already discussed. All of the previously mentioned constraints would still need to be considered; in addition, it is unlikely that dimension seven operators could contribute at the same level as the dimension six operators. However, three new operators appear: b(s, d)F F ,b(s, d)GG andb(s, d) F G, where F and G are the photon and gluon field strengths respectively. The operators with two photons are ruled out by the decays B d,s → γγ and B → X d,s γ. The operators with two gluons would generate four quark operators of the formb(s, d)qq of roughly the same size as the previously studied dimension six operators and are thus excluded. Finally, the operators with one photon and one gluon also contribute to B → X d,s γ, and are therefore ruled out. One could continue to add higher dimensional SM operators, but given that we need a fairly large contribution to Γ s 12 , it is unlikely that this could be done without lowering Λ NP into a region that is excluded by collider experiments.
As a last possibility, we would like to comment on operators that contain one or more new light degrees of freedom, but which eventually will decay to SM particles. Assuming that light degrees of freedom that are charged under SU(3) C or have O(e) electric charge are already ruled out by collider data, we are left with fields that couple tob(s, d) through higher dimensional operators. They also have to couple to the Standard Model in such a way that they predominantly decay to particles charged under the SM before exiting the detector, without having any O(1) SM charges. Finally, these operators are constrained to contribute to Γ s,d at no more than the 20% level and maintain the measured ratio τ Bs /τ B d . It might be an interesting exercise to see if such a scenario can be realized by clever model building.
In conclusion, we have analyzed if current data allows significant new physics contributions to Γ s 12 , as recent measurements might suggest. We have shown that there are two dimension six operators in the Standard Model which are still allowed given current experimental constraints. More detailed measurements of the decays B → X s τ + τ − and B s → τ + τ − would establish the presence of one of these operators or rule it out. Both of these operators would contribute differently to the B s and the B d lifetime. This ratio is predicted very accurately in the SM, and an observed value in agreement with the Standard Model prediction (and similarly small uncertainties) would require additional physics in the B d system in a way that seems unrelated to the new physics allowed in the B s system. Therefore, a more precise measurement of τ (B s )/τ (B d ), which is possible with currently available data, could either support or strongly constrain the existence of new physics in Γ s
